(6-4) pyrimidone photoproducts are some of the major DNA photolesions induced by ultraviolet (UV) light. A monoclonal antibody (64M5) specific to a (6-4) photoproduct has been established and the corresponding single-chain antibody (64M5sc Fv) has been prepared. In this study, we characterized the ligand selectivities of 64M5 and 64M5scFv using synthetic octadeoxynucleotides containing either a central cis-syn cyclo butane thymine dimer (T [c,s] T), the (6-4) photoproduct of TpT (T [6-4] T), or its Dewar isomer (T [Dewar] T) by means of enzyme-linked immunosorbent assays (ELISA). Both 64M5 and 64M5scFv recognized T [6-4] T, but not the other photoproducts.
Pyrimidine
(6-4) pyrimidone photoproducts are some of the major DNA photolesions induced by ultraviolet (UV) light. A monoclonal antibody (64M5) specific to a (6-4) photoproduct has been established and the corresponding single-chain antibody (64M5sc Fv) has been prepared. In this study, we characterized the ligand selectivities of 64M5 and 64M5scFv using synthetic octadeoxynucleotides containing either a central cis-syn cyclo butane thymine dimer (T [c,s] T), the (6-4) photoproduct of TpT (T T), or its Dewar isomer (T [Dewar] T) by means of enzyme-linked immunosorbent assays (ELISA). Both 64M5 and 64M5scFv recognized T T, but not the other photoproducts.
We synthesized several biotinylated oligonucleotides of different lengths containing (T T) to analyze the effects of the antigen size on the binding rates of an antigen binding fragment (64M5Fab) and 64M5scFv by means of surface plasmon resonance. The association rate constants for oligonucleotides of different sizes containing T T as to 64M5Fab were found to be almost the same (1.9-5.6 X 105 M-1 . s-1), while the dissociation rate constant for the largest oligonucleotide (d8mer, 8.0 X 10_1 s-1) was significantly smaller than that for the d2mer (4.2 X 10-2 s-1). These results indicate that 64M5Fab recognized the d2mer as the epitope and that the binding affinity for T T depended on the flanking oligonucleotides.
The dissociation rate constants for 64M5scFv as to the antigen analogs were almost the same as those for the various T T-oligonucleotides as to 64M5Fab, suggesting that the confor mations of these antibody binding regions are pretty similar to each other. The ultraviolet (UV) component of sunlight has toxic, mutagenic, and carcinogenic effects on living organisms (1), The major UV photoproducts of DNA occur at dipyrimidine sites, which include a cis-syn cyclobutane thymine dimer ( appear to occur more frequently at T T sites than T[c,s]T ones (2) . The majority of the biological effects of UV-light were found to be due to T T, and not to T [c,s] T, in a xeroderma pigmentosum revertant (3) . An in vitro study of these lesions suggested that T T is less tolerated than T [c,s] T in cellular genomes during replica tion (4) . These data suggest that T T may playa major role in biological lesions produced by UV-light .
T[c,s]T), a (6-4) photoproduct (T[6-4]T), and a Dewar isomer (T[Dewar]T) (Fig. 1). UV-induced mutations
A system for the detection and quantification of these photoproducts induced in cells is required to evaluate their biological significance. There are several natural proteins that interact with T [6-4] T (5-7). In order to understand the molecular recognition of photo lesions by these pro teins, characterization of monoclonal antibodies specific for T T might be helpful. A number of polyclonal (8 , 9) and monoclonal antibodies (10-13) against various classes of DNA photoproducts have been developed . These antibodies are also attractive molecules for molecular recogni tion studies, since they show high substrate binding affinity and specificity. Recently, Mori et al . established mono clonal antibodies highly specific for T T (12) . Of them, 64M5 to binds to its target most tightly . In order to investigate the molecular recognition of the antibody and to facilitate future protein engineering studies , we have In this study, we have characterized the 64M5 antibody and a single-chain Fv (64M5scFv) using oligonucleotides containing T Prior to SPR analysis, 64M5Fab and 64M5scFv were diluted in HBS buffer. The antibodies were injected over the immobilized oligonucleotides at the flow rate of 60-100 pl/min, over a concentration range from 3.0 to 200 nM. Sensorgrams were recorded and normalized as to a base line of 0 RU. Equivalent volumes of these diluted antibodies were also injected over a non-oligonucleotide surface to obtain blank sensorgrams for subtraction of the bulk refractive index background. The association was monitored by measuring the rate of binding to an antigen at different protein concentrations. The dissociation of these antibodies from the antigen surface was monitored after the end of the association phase. The remaining bound antibodies were completely removed by an injection of 50 pl of 100 mM HCl.
Kinetic rate constants were calculated from the collected data using BIA evaluation 2.1 software (Pharmacia). A single-site binding model (A+B=AB) was used for the analysis of the interactions of these antibodies with oligonucleotides of various lengths containing T T.
RESULTS
Preparation of Damaged DNA Fragments-The oligonu cleotides ( Fig. 2A) containing a central cis-syn cyclobutane thymine dimer or a (6-4) photoproduct used in the ELISA were obtained by irradiation of d(CAATTAAG) with 254 nm light. These photoproducts were isolated by HPLC on a C-18 column (Fig. 2B) . The product eluted at 16 min was identified as d(CAAT [c,s] TAAG) from its susceptibility to T4 endonuclease V (14), under the conditions described previously (15) (data not shown). The product eluted at 20 min, d(CAAT[6-4]TAAG), was characterized by the UV absorption at 325 nm (16) (Fig . 3) . The octamer, d(CAAT (Fig. 4) were also synthesized for kinetic analyses of 64M5Fab and 64M5scFv using a biosensor. Two linkers, Biotin1 and Biotin2, were inserted between each oligonu cleotide and the support during the synthesis. The longer linker (Biotin1) was required for the dimer to link to the sensor chip, because the biotin-avidin complex with the short linker (Biotin2) interfered with the interaction be tween the antibody fragments and the antigen analogs.
Analysis of the Specificities of 64M5 and 64M5scFv by ELISA-To determine whether or not the single-chain antibody (64M5scFv) could maintain the specificity of the intact antibody (64M5) (12) , the specificities of 64M5 and 64M5scFv were analyzed by means of a direct ELISA using synthetic octanucleotides containing the T [c,s] T, T T, or T [Dewar] T photoproduct as the antigen analog. In the case of 64M5scFv, we used an anti c-myc antibody as the second antibody in the ELISA. As shown in Fig. 5 , both 64M5 and 64M5scFv appeared to be highly specific for the single-and double-stranded DNA fragments containing a central photoproduct, but the other photoproducts and the undamaged TT were not recognized.
Affinities of 64M5Fab and 64M5scFv for the Immobi lized (6-4) Photoproduct-The binding rate constants for 64M5scFv were determined using a BlAcore biosensor and were compared to those for 64M5Fab. Either undamaged TT-or T T-containing oligonucleotides were immo bilized on the Sensor chip SA surfaces via streptavidin biotin conjugation. Acidic conditions (100 mM HC1, 20 min To examine the effects of oligonucleotide length on the recognition by each antibody, and to compare the affinities of 64M5scFv and 64M5Fab to the DNA lesions, Sensor chip surfaces with four oligonucleotides containing T T (d2, d4, d6, and d8mer-bio) were prepared. Typical sensorgrams obtained on the injection of 64M5Fab (Fig. 6A) and  64M5scFv (Fig. 6B) for each oligonucleotide coupled on the surfaces are shown. No binding was detected for sensor chips either derivatized with streptavidin alone or coupled with the undamaged oligonucleotide (data not shown).
To measure the binding kinetics of each antibody as to the T [6-4] T-oligonucleotides, sensorgrams were analyzed using a BIA evaluation 2.1 program. Such real time analyses of the antibody-antigen interaction allowed fast and reproducible measurements of both the association and dissociation rate constants. The calculated equilibrium dissociation and association rate constants of 64M5Fab and 64M5scFv are shown in Table I . The association rate constants for each antibody binding to several oligonu cleotides containing T T are virtually identical, sug gesting that both antibodies can recognize only the d2mer bio unit of the 
The association rate constants for 64M5scFv as to T T are only one order of magnitude smaller than those for 64M5Fab. However, the dissociation rate constants of the 64M5scFv and 64M5Fab fragment as to the d2mer-bio containing T T were larger than that of the d8mer-bio containing T T by three orders of magnitude. Although both antibodies recognize the d2mer unit of T T as the epitope, the binding affinity as to the antigen analogs was affected by the oligonucleotide length. 
DISCUSSION
The work presented here involved the use of synthetic DNA antigen analogs containing photoproducts , and confirmed the selectivity and affinity of the monoclonal antibody (64M5) established by Mori et al. (12) , and those of its single-chain Fv derivative (64M5scFv) constructed by Morioka et al. (submitted for publication) . There are two basic strategies for preparing oligonucleotides containing DNA photoproducts. One approach involves the use of TpT derivative building blocks (17) (18) (19) . The other approach is direct-irradiation. Smith and Taylor reported the prepara tion of a hexadeoxyribonucleotide containing T T at a single site by direct irradiation with UV-light (20) . The yield of the photoproduct was reported to depend on the base sequence (21) . Although the use of a building block is more advantageous, the direct irradiation approach is more Fig. 4 . Oligonucleotide sequences used to examine the kinetics of the antibodies. xy refers to either a cis-syn cyclobutane thymine dimer, the (6-4) photoproduct, the Dewar isomer, or the undamaged TpT.
rapid for small-scale preparation, and we prepared T T-containing oligonucleotides by conventional UV irradi ation of the parent molecules.
We have shown that these antibodies exhibit high speci ficity to T T in DNA, but not to the Dewar isomer or the cyclobutane thymine dimer (Fig. 5) . There have been a few reports of DNA recognition by ssDNA-specific or dsDNA-specific antibodies, and the modes of recognition of TABLE I. Kinetic constants for the binding of 64M5Fab and 64M5scFv to oligonucleotides containing the (6-4) photoproduct of TpT. The apparent association rate constants (kass) and dissociation rate constants (kdiss) were averaged for five independent experiments. These rate constants were calculated from the collected data using BIA evaluation 2.1 software (Pharmacia). these antibodies seem to be different. The three-dimen sional structures of several anti-ssDNA antibody Fab fragments (22, 23) have been determined. In the case of ssDNA-specific antibodies, for example, in the Fab (BV04-01)-trinucleotide [d(pT)3] complex, the thymine bases of the DNA penetrate into a deep cleft formed by the combin ing siiiie of BV04-01 and are stacked with the side chains of aromatic amino acids (23) . The N-3 and O-4 atoms of the central thymine nucleotide in the complex hydrogen bond with a serine residue of the Fab fragment. In dsDNA, these atoms of the thymines are involved in Watson-Crick hydrogen bonds with the adenine bases in the opposite DNA strand. As a result, it seems difficult for BV04-01 to interact with the thymine bases in dsDNA. In the case of dsDNA-specific antibodies, such as Jel 72 (24) and Jel 241 (25) , the combining regions reside on a relatively flat surface. In the case of 64M5 antibody molecules, ELISA data indicated that both 64M5 and 64M5scFv bound to ssDNA and dsDNA containing T T. NMR studies showed that the structure of T T in the dsDNA has a distinct base orientation, due to the covalent linkage between the two pyrimidine rings, and the normal Watson -Crick hydrogen bonding is absent between the 3?-side T T and its opposite base (21) . Thus a DNA duplex may be destabilized by local denaturation in the region adjacent to the T [6-4] T, and these antibody molecules may recog nize the 3?-side T T in a single-stranded region even in duplex DNA.
Surface plasmon resonance-based methodology, such as BlAcore biosensor technology, has been effectively used for the detailed study of protein-DNA interactions (26, 27) . To characterize the antibody molecules that recognize T [ 6-4]T, we determined both the association and the dissocia tion rate constants with several d2-dSmer-bio oligonucleo tides containing T [6-4] T (Fig. 4) , with real time monitoring using a BlAcore biosensor (Fig. 6) . The use of intact antibody 64M5 was not possible in the measurement of the kinetic constants, since the BlAcore dissociation rate constants were off-scale. It was difficult to regenerate sensor chips under the conditions used, probably due to the high stability of the complex involving the bifunctional protein.
Therefore, we attempted to analyze the binding constants using the 64M5Fab fragment, which quickly bound to T T (kass =1.9-5.6 x 105 M-1 • s-1) regardless of the length of the oligonucleotide (Table I) . However, the dissociation rate constants decreased with the size of the oligonucleotides, e.g., that for the d8mer (kdiss=8.0X 10-s-') is smaller than that for the shortest oligonucleotide (d2mer, kiss=4.2 X 10-2 s-').
On the other hand, the association rate constants for 64M5scFv as to these oligonucleotides were one order of magnitude smaller than those for 64M5Fab, while the dissociation rate constants for 64M5scFv were almost the same as those for 64M5Fab with each oligonucleotide length ( Table I) . As reported by Roggenbuck et al. (28) , BlAcore analysis showed that the association rate of scFv03 was one order of magnitude smaller than that of the Fab-03 fragment, although their dissociation rates were similar. The reason for these differences was proposed to be a conformational change of the paratopes, derived from the steric hindrance due to the linker peptide or from the lack of constant domains. Since 64M5scFv exhibited the same binding specificity as the corresponding Fab and Mab forms, we believe that the conformation of the 64M5scFv -DNA complex is identical to the others. This is supported by the identical off rates for scFv and Fab. Thus, we attribute the difference in association rate constants either to differences between the unliganded forms of scFv and Fab or to the existence of inactive forms of scFv.
In conclusion, these results indicated that (i) the 64M5 molecule specifically recognizes a (6-4) photoproduct in DNA and binds to a certain span of an oligonucleotide containing the lesion; (ii) the regions flanking the (6-4) photoproduct are likely to be involved in stabilization of the binding to the antibody; and (iii) the structure of the paratope in 64M5scFv seems to be partially denatured, but the binding to the oligonucleotides may induce a conforma tional change in the 64M5scFv molecule. The proposed antigen-binding mechanism for 64M5 can be tested by sitespecific mutagenesis experiments and three-dimensional structure analysis. The gene for 64M5scFv has been cloned for further mutagenesis to investigate the detailed interac tions of the present antibodies with photo-damaged DNA. These studies will provide useful information on protein-DNA interactions as well as for the diagnosis and treatment of disorders caused by DNA lesions.
